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Abstract 
Monolike silicon wafers can achieve solar cells efficiencies close to those of CZ silicon. However, this performance is affected 
by the presence of 2D structural defects, especially sub-grain boundaries zones that expand in the upper part of the ingots. In the 
present work, the relations between the structure of different types of 2D defects, previously characterized by EBSD and 
synchrotron based X-ray topography, and their electrical activities are analyzed. The defects are generated independently by 
misorienting the seeds by various tilt angles 'T relative to the growth direction <100>. LBIC and PL imaging are used to 
quantify the surface recombination velocity (SRV) of isolated defects at different heights of the ingot. The relative effects of the 
differences in structure of these defects, position in ingot, and cell processing treatment are exemplified and discussed.  
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1. Introduction 
Monolike silicon is a promising material for Si-based cells, even for advanced cell processes, such as 
heterojunction, provided that a proper gettering step is applied [1]. This means that the background dislocations 
present in monolike Si with a typical density of 104 cm-2 are not efficiency-limiting. However, the local presence of 
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more distorted defects that act as minority carriers killers is the principal performance-limiting factor in monolike 
silicon [2]. 2D extended defects, as sub-grain boundaries domains and grain boundaries, are among these crystalline 
defects that can be highly recombination-active, especially when decorated with metallic impurities. It is known that 
directionally solidified Si ingots contain relatively high metal impurity concentrations, originating from the crucible 
and coating. The lattice discontinuities created by extended defects generated at the solidification front are likely to 
trap impurities that are segregated at the solid-liquid interface, and to be further decorated through solid diffusion 
during subsequent cooling. These decorated defects are highly electric active, and hence reduce the minority carrier 
lifetime of the affected zone. To correlate the structure of these defects with their electrical activity, and to control 
the parameters of the process in order to avoid them are thus of prime importance for the development of the 
monolike process. In the present study, monolike growth conditions are used to isolate and voluntarily generate the 
different types of structural defects, and follow the evolution of their structure and electrical activity through the 
whole height of the ingot. 
2. Experimental methods 
Monolike ingots were grown at INES in G2 and G5 furnaces with a pavement of seeds with controlled 
crystallographic misorientations between them to voluntarily generate grain boundaries. These grain boundaries 
were created with various tilt angles around the growth direction [001] by using the protruding edges of the CZ 
ingot, defining the <110> direction, as crystallographic reference for cutting the seeds. Wafers containing these 
tilted boundaries and/or sub-grain boundaries were taken from different heights of the ingot. A wafer containing Ȉ3n 
boundaries from a <111>-oriented ingot was also selected for the study. The structure of defects was investigated by 
EBSD and synchrotron X-ray topography. Their respective recombination activities were measured qualitatively 
using uncalibrated PL imaging, and quantitatively, using 2D modelling of the emitted PL signal on calibrated PL 
measurements applied in single and double-side passivated wafers [3], and after photovoltaic cell processing, by 
applying Donolato’s model [4] to LBIC measurements.  
ȝ-Photoluminescence Spectroscopy (ȝ-PL) was used to identify peaks related to the presence of dislocations in 
specific boundaries. For that, a 50× reflective objective lens was used to focus the incident laser beam of 632 nm 
into a spot of about 1 ȝm in diameter on the samples. The monochromator gratings were set at 600 grooves/mm and 
the measurement was performed at 10 K. The imaging ȝ-PL mode was applied in zones of 2000 × 2000 ȝm² with a 
resolution of 70 ȝm. 
Interstitial iron concentrations in the bulk of silicon were measured by the dissociation of FeB pairs through a 
laser excitation using Semilab equipment. Because of differences in the recombination velocity between [Fe]i and 
FeB, the minority carrier lifetime is affected and thus the concentration of [Fe]i can be estimated.  
3. Influence of 2D extended defects on solar cell efficiency 
The distribution of extended defects in monolike Si is not uniform in the ingot, being much denser in the upper 
part, especially at the periphery. This causes a dispersion in the solar cell efficiencies of wafers from a same ingot, 
which is one of the major challenges for the industrialisation of the monolike technology. The decrease of the cell’s 
efficiency observed as a function of ingot’s solidified fraction in edge bricks of G5 ingots is correlated with the 
evolution of the area of the wafer affected by the presence of sub-grain boundaries (SGBs) [5]. Fig.1a shows 
uncalibrated PL images of wafers taken at three positions along the height of such a brick studied in [5]. EBSD 
maps of selected areas of wafers taken at 22% and 82% of solidified fraction are presented on Fig 1b and 1c. The 
corresponding (100) pole figures show that the misorientations between the different sub-grain domains mainly 
consist in a rotation around the z axis i.e. solidification direction. And the distribution of misorientation angles 
widens for increasing solidified fraction. Such SGBs can be initiated at the junction between seeds which are very 
slightly misoriented (10-2 deg) [6], or by a local bunching of dislocations creating a misorientation in the same 
range. Due to dislocation multiplication, the tilt angles 'Tz increase as growth proceeds to reach values higher than 1 
degree. Simultaneously, the zone expands laterally with the formation of new SGBs. In these regions of high 
densities of SGBs, their activity cannot be separated, and the minority carrier lifetime is quasi-uniformly lowered 
due to the very high dislocation densities reached.  
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Fig. 1. PL images of wafers taken at different solidified fractions in an edge brick of a monolike G5 ingot studied in [5] (a). EBSD map of a sub-
grain boundary domain in the bottom of the ingot (b), and in the upper part of the ingot (c). 
Fig. 2 shows a lifetime map obtained by calibrated PL of a passivated wafer of an ingot where sub-grain 
boundaries are generated above the junction between two seeds which have been slightly misoriented. In the upper 
region, which is close to the periphery where thermo-mechanical stresses are larger, the density of SGBs is high and 
thus the sizes of the sub-grains are smaller. At places where sub-grains sizes are smaller than the bulk diffusion 
length, zones of quasi-uniform low lifetime are formed. On the opposite, in the central part of the wafer, where 
thermo-mechanical stresses are lower, well isolated sub-grains can be seen. 
Fig. 2. Calibrated PL of a double-side passivated wafer (156 × 156 mm²) situated above a junction between two slightly misoriented seeds. The 
scale is in μs. 
a) 
b) c) 
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In order to be able to analyse the recombination effect of individual defects, isolated defects which have been 
voluntarily created (grain boundaries), or were nucleated due to the growth process (twins), are considered below. 
4. Recombination activities of crystalline defects 
 One of the zones with isolated sub-grain boundaries present in Fig. 2 was followed from the bottom to the top of 
the ingot. Two different stages of SGB development (one at 40% and another at 80% of solidified fraction) are 
shown in Fig. 3.  
 
 
 
Fig. 3. From the right to the left: X-ray topography image, Diffusion length map, and calibrated PL image of a) sub-grain boundary zone at 40% 
of solidified fraction and b) the same sub-grain boundary zone at 80% of solidified fraction (same brick as the wafer of Fig. 2). 
 
The X-ray topography images reveal that the misorientations between the sub-grains and the matrix are low 
(between 0.3 and 1° depending on the sub-grain) and do not increase with the height of the ingot. This high stability 
of the sub-grain boundary domain is related with the low level of stress in the central part of the ingot, as 
commented above. X-ray topography, LBIC and calibrated PL measurements were performed on neighboring 
wafers. A specific sub-grain boundary which is well isolated (the one that crosses the white line) was chosen to 
correlate the structural misorientation (locally estimated as 0.5°) with the effective surface recombination velocity 
(SRV) measured by LBIC and PL. For a given solidified fraction, both techniques give SRV values in the same 
range, the small differences being possibly related with the solar cell processing of the wafer before LBIC 
measurement. A variation of the SRV values is noticed between 40% and 80% fraction solidified, which may be due 
to a slight change of the SGB structure and of the chemical environment as will be further discussed. 
Table 1 compares the effective recombination velocity of the SGB shown above with those of grain boundaries 
voluntarily created with different tilt angles around the growth direction, and Ȉ3n boundaries, at different heights of 
the ingot.  
  
(a) 
(b) 
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Table 1. Effective surface recombination velocity (SRV) of different structural defects, at different positions in monolike ingots, measured by PL 
and LBIC. 
 
From the values of SRV of Table 1, we can conclude that the recombination activity of the boundaries can vary 
in function of i) the microstructure of the boundary and ii) the position in the ingot. Both parameters are discussed in 
details in the following. 
5. Variation of the recombination activity with the position along ingot height 
It is known that the chemical environment inside the ingot changes as a function of the solidified fraction, i.e. 
height in the ingot [7]. This is related with the high contamination of the ingots by impurities of the coated crucible 
during the process of crystal growth, which results in the classically observed concentration profiles, and associated 
variation of carrier lifetime, along the crystallization direction. Fig. 4 shows the variation of minority carriers 
lifetime and interstitial iron concentration as a function of the ingot height in Ingots 1 and 3 of Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Interstitial iron concentration in the ingot in function of ingot’s height for Ingot 1 (left) and Ingot 3 (right) shown in Table 1. 
 
From the iron profiles, we see that the highest iron concentrations are at the bottom and the top of the ingots. The 
lower concentrations measured in the extremities are related with precipitation of Fe, which decreases the local 
concentration of interstitial Fe. In the middle of the ingots, Fe concentration slowly increases as growth proceeds. 
This overall profile of Fe in the ingot is explained as follows. During crystal growth, iron diffuses into the silicon 
Ingot Defect type ǻșz Ingot height SRV PL cm/s SRV LBIC cm/s 
Ingot 1 
Sub-grain boundary 0.5° 40% 10690 7300 
Sub-grain boundary 0.5° 80% 5200 4400 
Ingot 2 Symmetrical tilt (001) +3°/-3° 56% 1930 - 
Ingot 3 
Non-symmetrical tilt (001) 0°/45° 32% 8010 - 
Non-symmetrical tilt (001) 0°/45° 54% 5270 4300 
Non-symmetrical tilt (001) 0°/20° 32% 1280 - 
Non-symmetrical tilt (001) 0°/20° 54% 300 200 
Ingot 4 
Ȉ3 {111} - 50% 0 0 
Ȉ9 - 50% 2700 140 
Ȉ27 - 50% 3600 5500 
Ingot1 Ingot3
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melt from the crucible and coating material. Because of its very small segregation coefficient, Fe accumulates at the 
top of the ingot once crystallization ends. However, its very high solid diffusion coefficient allows that iron diffuses 
into the just grown ingot in zones in contact with the crucible and from the top of the ingot. Thus the bottom and top 
parts have higher concentrations of iron than the central part, leading to the lower minority carrier lifetime in the 
bottom and top positions. In the central part, the iron concentration slowly increases with height as a result of the 
segregation during solidification according to the Scheil law. 
In relation to this, a feature generally observed is that extended defects which do not change their structure along 
the ingot height show lower contrast at intermediate heights than at the bottom and top ends as illustrated by Fig. 5 
which shows the PL images of wafers containing the two non-symmetrical tilt boundaries of Table 1, taken at three 
different heights of the ingot. The boundary ǻșz = 0°/20° in particular has a strong black contrast at the bottom and 
at the top of the ingot but fades away in the middle of the ingot, which is in accordance with the values presented in 
Table 1. This shows that the chemical environment must be the cause of the different SRV values of the same 
structural defects taken at different positions of the ingot. However, as revealed by Fig. 4, the lower positions at 
which recombination rates were measured for the different extended defects of Table 1 are not located in the region 
affected by iron diffusion from the bottom of the ingot. Thus, the higher recombination rates measured at these 
positions cannot be explained by the difference in iron concentration. A further analysis of this point should consider 
the possible influence of the time spent at high temperature which might favor preferential metallic diffusion inside 
defective zones. 
 
Fig. 5. PL images of wafers taken from three different heights of Ingot 3. The red arrows point to the boundaries with strong PL contrast at the 
bottom and the top of the ingot, but with very weak contrast at the middle of the ingot, where the [Fe]i concentration in the bulk is minimum. 
6. Variation of the recombination activity with defect structure 
Comparing the EBSD map of the upper part of the ingot shown in Fig. 1c with the PL image of the same sample, 
we see that the boundaries with misorientation angles higher than 2° (black contours in EBSD map) show a strong 
dark contrast in PL images (Fig. 6a and b). On the opposite, less misoriented boundaries (0.5° to 2°, shown in white 
contours in the EBSD map) have weak or no contrast in PL. Complementary information on the electrical activity of 
the boundaries is obtained by spectroscopic μ-PL. In particular, D-lines peaks related with point defects around 
dislocations and dislocations themselves are known to exist at four different energies D1 (0.81 eV), D2 (0.88 eV), 
D3 (0.93 eV) and D4 (1.00 eV) [8]. Spectral μ-PL in imaging mode was applied in the selected zone (white square) 
in the sample containing a black and a white boundary (in the EBSD map). The map in Fig. 6c shows the 
luminescence of the sample in the spectral range comprising D1 and D2 (0.8 – 0.9 eV). The black boundary is much 
more intense than the white boundary, which is in accordance with the data obtained in the Integrated PL image. 
This result suggests that the electrical activity of boundaries increases with increasing tilt angle, for low tilt 
misorientations.  
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Fig. 6. a) EBSD map (The black boundaries define misorientations higher than 2°, the white boundaries define misorientations higher than 0.5°). 
b) PL image of the same zone as EBSD map. c) μ-PL map in the range of 0.8-0.9 eV on a 2000 × 2000 μm² area. 
The results of Table 1 also show that at a given solidified fraction, i.e. a given level of impurities, the 
recombination activity of different high angle GBs is significantly different. Such a difference in the SRV values can 
only be attributed to different levels of coherency and/or reconstruction of the atomic structure of these boundaries 
[9]. In highly coherent boundaries, the trapping of impurities is hampered by the high coincidence of sites.  
As concerns low angle boundaries, the SRV values for SGBs with 'T around 0.5° are even higher than those of 
high angle boundaries. Our study of the initiation [6] and development [10] of SGBs indicates that they are formed 
by piling up of dislocations of the same type. Thus the electrical activity of the SGB taken here as an example can 
simply be interpreted in terms of the cumulated activity of the dislocations which constitute it. The normalized 
recombination strength * [11] of these dislocations can thus be expressed as: 

Z
SGB
Dn
SRV
 *  (1) 
where D is the carrier diffusion coefficient and nz the length of dislocations per unit area of the boundary, given by: 

b
nZ
¸
¹
·¨
©
§ '
 2
sin2 T

(2)
Considering the SRVSGB equal to 10000 cm/s, D = 30 cm²/s and nz = 2.3 × 105 cm-1 ('T = 0.5°), * is estimated as 
0.0014. This value is slightly lower than the range evaluated by Rinio et al. [11] but it is in the average  * values of 
dislocation clusters in mc-Si found by Castellanos et al. [12]. 
In the regions with a high density of sub-grain boundaries where the sizes of the misoriented domains are smaller 
than the diffusion length, the minority carrier lifetime is quasi-uniformly decreased. Its value can then be estimated 
as: 

*
 
D
1
U
W  (3) 
where ߩ is the average dislocation density in the zone, and * the recombination strength of these dislocations, 
(a) (b) (c) 
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similar to the value estimated above. 
In order to check this hypothesis, the measured value of W is used to estimate the average dislocation density from 
equation (3). Then, knowing the total length of sub-grain boundaries per unit of surface (L), the average dislocation 
density in these boundaries is calculated by: 

LnZ U  (4) 
and the corresponding average misorientation ǻș is finally derived using (2). 
Taking W = 10 μs (taken from Fig. 2), D = 30 cm²/s, * = 0.0014 (value estimated above) and L = 7.8 cm-1, 
(measured using the ImageJ software), one finally gets: ȡ # 2.3 × 106 cm-2, ݊௭ # 3 × 105 cm-1, and ǻș # 0.7°. This 
value is close to that of the isolated boundary analysed above, which validates expression (3) at first order. 
On another hand, for a symmetrical tilt angle as low as ǻTz = 6° (+3°/-3°), the SRV has shown to be ten times 
lower than the one measured for the SGB of 0.5°. Applying equation (2) to this GB we obtain a distance between 
dislocations in the boundary of 3.6 nm. With such a small distance between dislocations, the recombination activity 
of the boundary can no longer be considered as the sum of the isolated activities of dislocations. Interaction between 
neighboring dislocations must occur and thus lower the recombination activity per individual dislocation. 
Fig. 7 compares the spectra of two sub-grain boundaries with the symmetrical 6° boundary and a symmetrical 34° 
boundary. While the latter does not show any d-line peak, the spectra of the sub-grain boundaries show 
characteristic peaks at the energies of D1/D2.  However, spectroscopic μ-PL of the ǻTz = 6° boundary also reveals 
dislocation related peaks in the D2/D3 range features reminiscent of those observed on SGBs.  
 
 
Fig.7. μ-PL spectra of a) Sub-grain boundary, b) symmetrical tilt (+3°/-3°) GB, and c) high-angle GB (34°). 
 
In the sub-grain boundaries spectra, a low intensity of the band-to-band (BB) emission at 1.08 eV can be 
observed in the presence of D-lines. By comparison, the BB emission of the Si bulk is approximately five times 
higher. Nguyen et al. [13] have recently shown that the BB emission have a minimum at the SGB line and slowly 
increases with the distance from the SGB increases. Thus the BB emission can be used to identify defects especially 
when image mode is used, which is particularly interesting in practice to be able correlate μ-PL spectra with other 
structural and chemical characterizations of the same defect. 
The electrical activities of coherent Ȉ3 {111} boundaries are not measurable whether by LBIC or by PL. 
Intermediate values of SRV are measured by PL on the Ȉ9 boundaries, but the contrast of these boundaries nearly 
disappears on the LBIC image, i.e after the gettering and passivation treatments undergone during the preparation of 
the photovoltaic cell. Finally, Ȉ27 boundaries present electrical activities of the order of those of high angle grain 
boundaries. Details about the electrical activity of multiple twinned structures will be given in a paper just submitted 
by the authors [14]. 
7. Conclusions 
This work illustrates that monolike growth conditions provide a unique opportunity to independently study the 
formation of different structural defects in directionally solidified PV silicon, and characterize their respective 
 Vanessa A. Oliveira et al. /  Energy Procedia  92 ( 2016 )  755 – 763 763
electrical activities in relation with their structure. The results show that mosaics of sub-grains tilted around the 
growth direction axis have high recombination rates and are responsible for the decrease of the efficiency of wafers 
taken from the upper part of the ingot. These sub-grains no longer develop around higher-angle boundaries, and the 
recombination rate is then reduced. For defects whose structure does not change along the solidification height, the 
tendency of a decrease of the recombination rate along the growth direction is observed, which is attributed to a 
change in the chemical environment. Also, the comparison between measurements performed by PL and LBIC 
allows evidencing the degree of sensitivity of the different types of defects to the gettering and passivation 
treatments associated with the processing of the photovoltaic cell. 
Acknowledgements 
The authors would like to thank N. Enjalbert for solar cell processing, and E. Pihan and G. Fortin for the 
crystallization of some of the ingots studied. V. A. Oliveira would like to thank Prof. D. MacDonald to make 
possible the collaboration between ANU and INES. The team of the beamline 05 at ESRF is acknowledged for 
assistance with the X-ray topography experiments. This work was partially funded by the CEA under the Project 
Carnot/SiDeRA call. V. A. Oliveira acknowledges financial support from ECM Greentech. 
 
References 
[1] F. Jay, D. Muñoz, T. Desrues, E. Pihan, V. Amaral de Oliveira, N. Enjalbert and A. Jouini, Advanced process for n-type mono-like silicon a-
Si:H/c-Si heterojunction solar cells with 21.5% efficiency, Sol. Energy Mater. Sol. Cells. (2014) 1–6.  
[2] Y. Zhang, Z. Li, Q. Meng, Z. Hu, L. Liu, Distribution and propagation of dislocation defects in quasi-single crystalline silicon ingots cast by 
the directional solidification method, Sol. Energy Mater. Sol. Cells. 132 (2015) 1–5. 
[3] H.C. Sio, T. Trupke, D. Macdonald, Quantifying carrier recombination at grain boundaries in multicrystalline silicon wafers through 
photoluminescence imaging, J. Appl. Phys. 116 (2014) 244905 1-9. 
[4] C. Donolato, Theory of beam induced current characterization of grain boundaries in polycrystalline solar cells, J. Appl. Phys., vol. 54, (1983) 
1314–1322. 
[5] R. Cabal, B. Grange, L. Bounaas, R. Monna, N. Plassat, E. Pihan and Y. Veschetti, 20% PERT technology adapted to n-type mono-like 
silicon: simplified process and narrowed cell efficiency distribution, Proceeding of the 29th European Photovoltaic Solar Energy Conference 
and Exhibition, (2014) 648-652. 
[6] M. G. Tsoutsouva, V. A. Oliveira, D. Camel, J. Baruchel, B. Marie and T. Lafford. Mono-like silicon ingots grown on low angle misoriented 
seeds: Defect characterization by synchrotron X-ray diffraction imaging, Acta Mater., vol 88, (2015) 112–120. 
[7] J. Chen, T. Sekiguchi, D. Yang, F. Yin, K. Kido, S. Tsurekawa, Electron-beam-induced current study of grain boundaries in multicrystalline 
silicon, J. Appl. Phys. 96 (2004) 5490. 
[8] M. Tajima, Spectroscopy and topography of deep-level luminescence in photovoltaic silicon, IEEE J. Photovoltaics. 4 (2014) 1452–1458. 
[9] T. Buonassisi,  A. A. Istratov, M. D. Pickett, M. A. Marcus, T. F. Ciszek, E. R. Weber, Metal precipitation at grain boundaries in silicon: 
Dependence on grain boundary character and dislocation decoration, Appl. Phys. Lett. 89 (2006) 042102. 
[10] V. A. Oliveira, M. G. Tsoutsouva, T. A. Lafford, E. Pihan, F. Barou, C. Cayron, D. Camel, Sub-grain boundaries sources and effects in large 
Mono-Like silicon ingots for PV. Proceeding of the 29th European Photovoltaic Solar Energy Conference and Exhibition (2014) 793 – 797. 
[11] M. Rinio, A. Yodyungyong, S. Keipert-Colberg, D. Borchert, A. Montesdeoca-Santana, Recombination in ingot cast silicon solar cells, 
Phys. Status Solidi Appl. Mater. Sci. 208 (2011) 760–768. 
[12] S. Castellanos, M. Kivambe, J. Hofstetter, M. Rinio, B. Lai, T. Buonassisi, Variation of dislocation etch-pit geometry: An indicator of bulk 
microstructure and recombination activity in multicrystalline silicon, J. Appl. Phys. 115 (2014) 183511. 
[13] H.T. Nguyen, F.E. Rougieux, F. Wang, H. Tan, D. Macdonald, Micron-scale deep-level spectral photoluminescence from dislocations in 
multicrystalline silicon, IEEE J. Photovoltaics. 5 (2015) 799–804. 
[14] V. A. Oliveira, B. Marie, C. Cayron, M. Marinova, M. G. Tsoutsouva, H. C. Sio, T. A. Lafford, J. Baruchel, T. N. Tran Thi and D. Camel, 
Multiple twinned structure occurrences on (111) growth facet during seeded directional solidification of silicon: characterisation and 
mechanism, Submitted manuscript.  
